The correlation between the occurrence of internal browning (IB) and the size of root xylem parenchymatous cells in Japanese radish (Raphanus sativus L.) was determined in 3 experiments. The first examined intervarietal differences in IB among 5 commercial cultivars (cvs.). Results revealed that the differences in susceptibility to IB largely depend on root cell size, and that mean cell length in IB-resistant cvs. was approximately 39-45% shorter than in susceptible cvs. The second experiment examined the relationship between cell size and IB occurrence in 3 IB-susceptible commercial cvs. and their 'Gensuke' F 1 hybrids. In every F 1 hybrid strain, the central region did not appear to show the propensity of its parents to develop IB, and mean cell length in the former was approximately 26-39% shorter than in the latter. The third experiment examined the effect of applying a plant growth regulator on IB occurrence and cell size. Gibberellin (GA) application during the mid-growth stage restricted IB occurrence, and the mean cell length of GA-treated plants during this period was approximately 27-47% shorter than in the control. These results strongly suggest that IB occurrence is largely dependent on the size of root xylem parenchymatous cells, and IB seldom occurs in roots with smaller cells.
Introduction
Radish (Raphanus sativus L.) is widely produced and consumed in Japan. Internal browning (IB), a brown coloration in the central region of the root, is common in summer-sown crops. The occurrence of this physiological disorder can be traced to several cultivation conditions, including the sowing date (Kawai et al., 1992) , soil temperature (Fukuoka and Enomoto, 2001) , and fertilizer conditions (Kawai et al., 1993) . Enomoto (2001, 2002) consider that the rates of intracellular generation of H 2 O 2 increase in roots exposed to heat stress in the later growth period owing to a lowered regeneration system in the ascorbateglutathione cycle and active oxygen-species in the tissue region participating in H 2 O 2 -scavenging systems. This increase, coupled with polyphenol oxidase biosynthesis (PPO), leads to IB.
It is well known that susceptibility to IB occurrence differs among varieties (Kawashiro, 1990; Kawashiro and Takeda, 1988) . Fukuoka and Enomoto (2007) reported that intervarietal differences in IB occurrence largely depended on oxygen scavenging ability coupled with the ascorbate-glutathione cycle. Generally, H 2 O 2 is a strong oxidant that initiates localized oxidative damage, leading to disruption of metabolic function and loss of cellular integrity at sites where it accumulates (Foyer et al., 1997) . In the role of the cell wall as a physical barrier, pectin-derived oligogalacturonides are essential components for eliciting defense responses (Baron-Epel et al., 1988; Jarvis, 1984) . On the other hand, it is known that pectin contents in potato tuber vary according to cell size (Endou and Mori, 2001 ). In pear, IB accompanied by cellular breakdown (Yamaki et al., 1977) is observed in fruit with large cells (Sakuma et al., 1995) . This may indicate that intervarietal differences in the protective effect of H 2 O 2 against cellular breakdown are closely correlated with pectin content, which varies according to cell size; however, the correlation between the frequency of IB occurrence and cell size in the root of Japanese radish has never been studied. In this paper, we demonstrate that the size of root xylem parenchymatous cells largely depends on IB occurrence in radish roots. . Irrigation tubes were placed between rows, and beds were covered with white polyethylene mulch (0.02 mm thick). On emergence, each hill containing 3 seeds was thinned to 1 seed. Plots were not replicated. Twenty-five plants were sampled randomly 45 (July 21) and 60 (August 5) days after sowing (DAS) and 20 uniform roots were selected from these. To measure IB, roots were cut lengthwise along the central axis and the degree of browning was classified by visual inspection into 5 categories: none, slight, little, moderate, and severe discoloration. Plant growth was investigated using plants sampled at 60 DAS. For anatomical studies of xylem parenchymatous cells, 3 disks, each about 10 mm thick, were excised from the mid-portion of 60-day-old roots from each cultivar. Using a sharp table knife, sections approximately 10 mm × 10 mm × 10 mm were taken from the central regions of the disk and fixed in formyl acetic alcohol solution (50% (v/v) ethanol, 10% (v/v) formaldehyde, and 5% (v/v) acetic acid). Fixed tissues were dehydrated through a graded ethanol series and embedded in paraffin. Horizontal sections (15 μm) were cut using a microtome, Model PR-50 (Yamato Hohki Co., Ltd., Asaka, Saitama, Japan), and collected on silane-coated glass slides. After overnight incubation on hotplates (50°C), sections were stained with hematoxylin and eosin solutions and observed under a light microscope. Section photographic images were digitized with a scanner (EPSON GT9300-UF, Nagano, Japan) and maximum cell diameters of all cells in a 1 mm 2 section were measured using the NIH IMAGE program (http:/rsb/info.nih.gov/nih-image, June, 21, 2009).
Experiment 2. Intervarietal differences in IB occurrence
and cell size between F 1 hybrids derived from 'Gensuke' and their parents In order to make F 1 hybrids between common cultivated cvs. and 'Gensuke', the commercial 'Kanpaku', 'Akimine', and 'Ajitenka', were used as male parents. The cytoplasmic male sterile line of 'Gensuke' was used as the female parent, and 3 types of F 1 seeds were obtained in early June 2007. Seeds of F 1 hybrids and their parents were sown on July 26 in the greenhouse. The quantities and times of fertilizer application, as well as the methods used to thin plants, were the same as in Experiment 1. The experiments included 6 cvs. with 60 plants in total, and there were no replications. Twenty uniform plants were sampled at 60 DAS, and plant growth and IB occurrence were measured. Parenchymatous cell size was measured using 60-day-old roots, as in Experiment 1.
Experiment 3. Effect of plant growth regulators on IB occurrence and cell size Seeds of Raphanus sativus L. 'Fukutenka' were sown on May 31, 2007 in the field. The quantities and times of fertilizer application, as well as the methods used to thin plants, were the same as in Experiment 1. The experiments included 9 treatments with 100 plants per treatment, and there were no replications. Gibberellin (GA) solutions of 10 and 100 mg·L −1 and sodium salts of α-naphthaleneacetic acid (NAA) solutions of 1 and 10 mg·L −1 were sprayed onto foliage to run off every 5 days from 20 to 35 DAS or from 45 to 55 DAS (designated mid and late growth stage, respectively). Control plants were grown without treatment. Twenty uniform plants were sampled at 45 and 60 DAS, and plant growth and IB occurrence were measured. Parenchymatous cell size was measured on 45-day-old roots, as in Experiment 1.
Results

Experiment 1. Intervarietal differences in IB occurrence
and cell size Plants of 'Gensuke' and 'Takamiya' produced leaves of greater mean weight than other cvs. (Table 1) . 'Fukutenka' had the highest root weight, while 'Harumeki' had the lowest. Results for root diameter were similar to those for root weight. Tested cultivars could be divided into 2 types according to IB level (Table 2) . In one type, represented by 'Fukuhomare', 'Fukutenka', and 'Harumeki', IB occurrence was high, whereas the other type, represented by 'Gensuke' and 'Takamiya', was resistant to IB. In IB-susceptible cvs., more than 60% of roots exhibited slight or little brown color at 45 DAS, and the severity of browning became more pronounced as roots matured; however, in IBresistant cvs., no evidence of IB occurrence was found, regardless of the sampling date. A larger number of small cells was clearly observed in IB-resistant cvs. than in susceptible cvs. (Fig. 1) . Mean cell length in IBresistant cvs. ranged from 105 to 110 μm, approximately 39-45% shorter than in susceptible cvs.
Experiment 2. Intervarietal differences in IB occurrence and cell size between F 1 hybrids derived from 'Gensuke' and their parents Leaf weights of all F 1 hybrids derived from the crosses were much higher than those of their parents (Table 3) . Although root weights tended to be lower in F 1 hybrids derived from 'Kanpaku' and 'Akimine' than in their parents, this tendency was not observed in plants from 'Ajitenka'. Root shape differed markedly between F 1 hybrids and their parents. Except for the root diameter of F 1 hybrids derived from 'Akimine', F 1 hybrids appeared to have roots of greater width and shorter length than those of their parents. In the roots of F 1 hybrids, the central region did not appear to show the propensity of their parents to develop IB, regardless of cvs. (Table 4 ). In male commercial cvs., only 7-20% of roots exhibited no or a slight brown color, whereas the percentage of roots with no or a slight brown color reached 80-100% in F 1 hybrids derived from crosses. A larger number of small cells was observed in root segments from F 1 hybrids than in their parents (Fig. 2) . Mean cell length in the former ranged from 130 to 140 μm, approximately 26-39% shorter than in the latter. Experiment 3. Effect of plant growth regulators on IB occurrence and cell size GA application strongly promoted bolting, regardless of the concentration used. Leaf growth was accelerated by 10 and 100 mg·L −1 GA application during the midgrowth stage (Table 5) . Root growth was strongly Table 3 . Intervarietal differences in plant growth between F 1 hybrids derived from 'Gensuke' and their parents at 60 days after sowing.
z indicates SE (n = 20).
As the female parent, cytoplasmic male sterile line of 'Gensuke' was used, and then 3 types of F 1 were obtained.
Strains Leaf weight (g) Root weight (g) Root diameter (cm) Root length (cm)
'Kanpaku' 334 ± 17 z 756 ± 26 6.9 ± 0.9 30 ± 0.5 'Gensuke' × 'Kanpaku' 575 ± 42 686 ± 26 7.2 ± 1.4 26 ± 0.5 'Akimine' 410 ± 22 711 ± 23 6.6 ± 0.9 30 ± 0.6 'Gensuke' × 'Akimine' 592 ± 36 631 ± 32 6.6 ± 1.3 26 ± 0.7 'Ajitenka' 313 ± 19 652 ± 20 6.0 ± 1.0 30 ± 0.5 'Gensuke' × 'Ajitenka' 443 ± 17 665 ± 18 6.5 ± 1.0 29 ± 0.6 Table 4 . Intervarietal differences in the occurrence of internal browning between F 1 hybrids derived from 'Gensuke' and their parents at 60 days after sowing.
z Internal browning is classified into five types according to the degree of severity. restricted by 100 mg·L −1 GA application, and this tendency was intensified by GA application during the mid-growth stage. In the control, 80% of roots exhibited a severe brown color, whereas in plants to which GA was applied during the mid-growth stage, only 0-10% of roots did so (Table 6 ). Conversely, NAA application during the mid-growth stage had no effect on IB occurrence, regardless of the concentration used. A larger number of small cells was observed in root segments of plants to which GA was applied (Fig. 3) . Mean cell lengths in roots of plants to which GA was applied were 120-160 μm at 45 DAS, approximately 27-47% shorter than the control. On the other hand, NAA application had no effect on the number of small cells, and mean cell lengths of roots were similar to that of the control.
Discussion
In our study, there was no correlation between root growth and IB occurrence among cultivars. Intervarietal differences in root weight were not observed between IB-resistant 'Gensuke' and IB-susceptible 'Harumeki'.
Root weight in IB-resistant F 1 hybrids derived from 'Ajitenka' was simillar to that of the susceptible parent. On the other hand, differences in susceptibility to IB among cultivars were closely correlated with the size of root xylem parenchymatous cells, and an increased number of small root cells decreased the severity of IB symptoms. A larger number of small cells was observed in IB-resistant 'Gensuke' and 'Takamiya' than in IBsusceptible 'Fukuhomare', 'Fukutenka' and 'Harumeki'. In the roots of F 1 hybrids, the central region did not appear to show the propensity of their parents to develop IB, and a larger number of small cells was observed in root segments of the former than in the latter. Although susceptibility to IB occurrence is known to differ among varieties (Kawashiro, 1990; Kawashiro and Takeda, 1988) , the correlation between the frequency of IB occurrence and the size of root xylem parenchymatous cells in Japanese radish has never been studied. In pear fruit, the occurrence of watercore, which is manifested by brown coloration, strongly intensifies as the number of large cells increases (Sakuma et al., 1995) . Our results Mid. 231 ± 14 439 ± 22 5.3 ± 0.9 272 ± 9 1159 ± 30 6.9 ± 0.9
Late ---274 ± 6 1082 ± 36 6.9 ± 0.8 10 Mid. 183 ± 5 3 2 3 ± 10 4.5 ± 0.6 244 ± 6 833 ± 23 6.2 ± 0.7
Late ---271 ± 7 1094 ± 33 6.9 ± 0.7
GA 10
Mid. 379 ± 15 477 ± 21 5.2 ± 0.8 279 ± 9 1023 ± 29 6.5 ± 0.6 Late ---229 ± 8 1013 ± 40 6.9 ± 1.0 100 Mid. 359 ± 14 337 ± 16 4.8 ± 0.7 334 ± 13 584 ± 25 5.6 ± 0.7
Late ---263 ± 10 787 ± 17 6.4 ± 0.7 Table 6 . Effect of time and concentration of plant growth regulators on the occurrence of internal browning. suggest that IB occurrence in radish root is far less marked in roots consisting of small cells and that crossbreeding using varieties with small cells in roots is a useful method for breeding varieties less susceptible to IB occurrence. Generally, plant growth regulators, such as GA and/ or auxin, promote longitudinal cell expansion (Katumi, 1982) . On the other hand, the presence of auxin at more than the optimum level in plant cells is known to arrest cell expansion (Masuda, 1982) . This may indicate that the effect of plant growth regulators on cell expansion varies according to its concentrations and the exogenous supply of plant growth regulators affects IB occurrence in radish root because they control root cell size. In our study, GA application during the mid-growth stage resulted in an increased number of small cells, inhibiting IB occurrence in radish roots. This finding strongly supports the above assumption that root cell size mainly controls IB occurrence. Since GA application strongly promotes bolting, and the application of 100 mg·L −1 GA restricts root growth, this method is of no practical use, regardless of its inhibiting effect on IB occurrence.
Our previous reports Enomoto, 2001, 2002) revealed that a decline in the H 2 O 2 -decomposing capacity of the ascorbate-glutathione cycle caused by heat stress during the maturation period was responsible for activation of the H 2 O 2 detoxifying pathway derived from PPO, and that this increased PPO activity resulted in the accumulation of brown substances in the central region. Generally, H 2 O 2 is a strong oxidant that initiates localized oxidative damage, which leads to the disruption of metabolic function and loss of cellular integrity at sites where it accumulates (Foyer et al., 1997) . Cell disruption by injury or cell disassembly brings PPO into contact with phenolics and enzymatic browning occurs (Casado et al., 2004) . Fukuoka and Kano (1990) examined IB microscopically, and noted that the discoloration spread to xylem parenchymatous cells in the central region in radish root, and that the collapse of parenchymatous cells resulted in the accumulation of brown substances. Membrane deterioration caused by H 2 O 2 is thought to relate to membrane lipid peroxidation (Dhindsa et al., 1981; Panavas and Rubinstein, 1998) and pectin decomposition (Inari and Takeuchi, 2001) . Pectins are one of the major components of the primary cell wall in higher plants and are proposed to function in the control of cell-wall porosity, cell adhesion, and plant defense responses (Baron-Epel et al., 1988; Jarvis, 1984) . If peroxides are present in the plant tissue, pectin degenerates and decomposes (Inari and Takeuchi, 2001 ). This reaction is responsible for the transformation of protopectin into soluble pectic substances (Kertesz, 1942) . On the other hand, Endou and Mori (2001) reported that pectin content in potato tubers became high in cultivars with a larger number of small instead of large cells. The change in cell wall metabolism during cell elongation could be controlled by the amount of pectic gel (Fujino and Itoh, 1998) . The extent of pectin methylesterifcation differs between cell walls of elongating cells, in which pectins are relatively highly esterified, and cell walls of non-elongating cells, in which pectins are relatively unesterified (Asamizu et al., 1984) . These results may indicate that cellular breakdown accompanied by tissue browning in radish roots is far less marked in roots consisting of small cells because of the presence of a larger amount of highly pectic polysaccharides, although pectin content was not detected in this study.
In conclusion, differences in susceptibility to IB largely depend on the size of root xylem parenchymatous cells. Roots with smaller cells contain a larger amount of highly pectic polysaccharides that provide a physical barrier against H 2 O 2 , so that cellular breakdown accompanying tissue browning seldom occurs. Conversely, in roots with larger cells, conspicuous membrane damage causing H 2 O 2 generation occurs because active cell enlargement reduces highly pectic polysaccharide content. As a result, cells collapse and increased PPO activity results in the accumulation of brown substances.
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